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Figure 1. Experiemental set-up and results.
(A) Experimental set-up and (B) results indicating the mean (± SEM) percentage of change 
in ‘test distance longer than reference distance’ judgments from pre- to post-experimental 
manipulation. Participants seated in the floor and wore goggles that occluded lateral vision. 
The loudspeakers were covered with a black cloth drape. For the audio-tactile ‘tapping’ task 
participants were required to centrally fixate the flashing LED and to tap on the floor at the 
marked points, pacing their rhythm with the flashes of the LED. The auditory feedback was 
presented in the Zero Distance (0D) condition, at approximately the same location where the 
participant tapped; in the Double Distance (2D) condition and in the Double Distance Asyn-
chronous (2DA) condition, at double the distance to the tapping location; and in the Quadruple 
Distance (4D) condition, at four times the distance to the tapping location. Following significant 
interactions (see Supplemental Material) between time of test (pre- and post-experimental ma-
nipulation) and condition (0D, 2D, 4D and 2DA), we observed that the interactions were driven 
by a significant difference between the pre- and post-experimental manipulation for the 2D 
condition only. Planned comparisons (corrected for multiple comparisons) between the means 
of interest revealed a significant increase in the percentage of judgements that ‘test distance 
was longer than reference distance’ from pre- to post-experimental manipulation in the 2D con-
dition, as compared to the 0D condition (t(15) = 2.86, p = 0.012), the 4D condition (t(15) = 2.71, 
p = 0.016) and the 2DA condition (t(15) = 2.75, p = 0.015). Asterisks denote significant differ-
ences between means (* denotes p < 0.017, corrected for multiple comparisons; see also Table 
S1 and Figure S1 in the Supplemental Information, available with this article online).Action sounds 
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Almost every bodily movement, 
from the most complex to the most 
mundane, such as walking, can 
generate impact sounds that contain 
360° spatial information of high 
temporal resolution. Given the strong 
connection of auditory cues to our 
body actions, and the dependency of 
body-awareness on the interaction 
between peripheral sensory inputs 
and mental body-representations, 
one could assume that audition plays 
a specific role in this interaction. 
Despite the conclusive evidence for 
the role that the integration of vision, 
touch and proprioception plays in 
updating body-representations [1,2], 
hardly any study has looked at the 
contribution of audition. We show 
that the representation of a key 
property of one’s body, like its length, 
is affected by the sound of one’s 
actions. Participants tapped on a 
surface while progressively extending 
their right arm sideways, and in 
synchrony with each tap participants 
listened to a tapping sound. In 
the critical condition, the sound 
originated at double the distance at 
which participants actually tapped. 
After exposure to this condition, 
tactile distances on the test right 
arm, as compared to distances on 
the reference left arm, felt bigger 
than those before the exposure. 
No evidence of changes in tactile 
distance reports was found at the 
quadruple tapping sound distance or 
the asynchronous auditory feedback 
conditions. Our results suggest that 
tactile perception is referenced to an 
implicit body-representation which 
is informed by auditory feedback. 
This is the first evidence of the 
contribution of self-produced sounds 
to body-representation, addressing 
the auditory-dependent plasticity of 
body-representation and its spatial 
boundaries.The experimental design included 
three conditions in which the sounds 
produced by tapping with one’s 
hand on a surface were spatially 
manipulated. Zero Distance (0D): 
the tapping sound originated at the 
tapping location; Double Distance 
(2D): the sound originated at double 
the distance to the tapping location; 
and Quadruple Distance (4D): the 
sound originated at four times the 
distance to the tapping location. 
Participants were instructed to tap 
at each marked point for ten times, 
with a frequency of 1 Hz, starting 
from the point marked in front of them 
(Figure 1A). 
We assessed the effects of the 
different audio-tactile ‘tapping’ 
conditions on the represented length of the arm by performing before and 
after exposure to each condition a 
two-alternative forced-choice ‘tactile 
distance perception’ task. Here, 
participants reported which of two 
distances between pairs of tactile 
stimuli, delivered to the test right 
arm and the reference left arm, felt 
greater [1]. The results (Figure 1B) 
showed that exposure to the tapping 
sounds with double auditory distance 
resulted in a significant increase 
in participants’ perceived tactile 
distance on the test arm. We found 
no evidence of change in perceived 
tactile distance in the 0D and 4D 
conditions. Participants reported 
feeling that sound and tap originated 
at the same location in the 2D, but 
not in the 4D, condition, which may 
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distance task for the 4D condition. 
Interestingly, participants did not 
report for any condition a conscious 
feeling that their arm extended (see 
Supplemental Information for detailed 
experimental procedures and Table 
S1 for full questionnaire data).
An additional condition, Double 
Distance Asynchronous (2DA), 
differing from the 2D condition in 
that randomized delays (300–800 ms) 
occurred between the participant’s 
taps and the tapping sounds, did 
not replicate the change observed 
for the 2D condition, suggesting 
that synchrony between the altered 
sounds and the actual taps is critical 
for this change to occur. Subjective 
reports revealed that participants 
neither felt the sound originated 
at the same location where they 
tapped, nor that the sound was 
caused by their own hand tapping, 
which may explain the lack of effect 
on the tactile distance task for this 
condition. Interestingly, participants 
reported a loss of control of their 
own test arm as compared to the 
2D condition, which supports the 
hypothesis that the observed audio-
tactile adaptation may depend on 
agency. Importantly, manipulating the 
auditory distance of sounds triggered 
by externally-generated taps 
delivered to the participants’ still arm 
did not elicit any changes in tactile 
distance perception, suggesting 
an involvement of the kinaesthetic 
sense in the observed audio-tactile 
adaptation (see Experiment 2 and 
Figure S1 in the Supplemental 
Information). Future studies should 
further test whether the mere 
presence of central motor commands 
is also necessary for the observed 
effect by comparing directly active to 
passive movements.
Audition contributes fundamentally 
to the perception of one’s body 
and its surrounding space through 
the sounds produced in the space 
immediately surrounding the head [3]. 
Self-produced sounds deriving from 
actions are known to be represented 
in the action-recognition system 
[4] and to influence subsequent 
actions, for example, footstep 
sounds influence walking style [5]. 
Our results show that self-produced 
action sounds can bias the tactile 
metric perception of external objects 
in contact with one’s body and thus 
provide evidence for audio-tactile influences on the coherence of 
body-representations. Audio-tactile 
integration in the peri-hand space is 
known to recalibrate as a function 
of the representation of that space 
[6], but to the best of our knowledge 
this is the first evidence showing that 
adaptation to audio-tactile conflicts 
can change tactile perception. 
These results suggest that tactile 
perception is referenced to an 
implicit body-representation which is 
updated through auditory feedback, 
presumably by auditory-induced 
recalibration of somatosensory 
receptive fields. This mechanism 
recalls the well-documented 
receptive field recalibration found 
in the visual enhancement of touch 
[2], as well as the somatosensory 
changes in body-schema observed 
after tool-use [7]. 
Our results point also to the 
limitations of the plasticity of 
body-representation in response 
to auditory manipulations, because 
the bias on tactile perception was 
observed when sounds originated 
at double, but not at quadruple, the 
distance at which the actual taps 
occurred. Body-representations 
might be modulated only by nearby 
auditory sources which convey 
adequate spatial information 
allowing participants to effectively 
locate their own action sounds 
(within two meters from the listener’s 
head) [8]. We here show that the 
perceived reachable space is 
expanded by adaptation to audio-
tactile conflicts, and this expansion 
in turn causes a change in tactile 
distance perception. Our results also 
show the importance of temporal 
contingency between the action 
and its sensory effect, which is 
crucial for correct action attribution 
[9], as well as the importance of 
the involvement of the kinaesthetic 
sense. Interestingly, the observed 
changes in perceived tactile distance 
were not accompanied by changes 
in the phenomenal experience of 
arm length suggesting that our 
manipulation affected aspects of 
an unconscious ‘body-schema’, 
rather than a conscious ‘body-
image’ [10]. Our findings provide 
the first empirical evidence of a 
dependency of body-representation 
upon information from the auditory 
modality which completes previous 
research that addressed the 
contribution of visual, proprioceptive and tactile inputs to body-
representation [1,2]. 
Supplemental Information
Supplemental Information includes one 
figure, one table and supplemental ex-
perimental procedures and can be found 
with this article online at doi:10.1016/
j.cub.2012.04.028.
Acknowledgments
A.T-J. was supported by a JSPS 
Postdoctoral Fellowship for Foreign 
Researchers, the Royal Society and 
Volkswagen Foundation. M.T. was supported 
by the European Research Council (ERC-
2010-StG-262853) under the FP7. The 
authors are grateful to Pontus Larsson for 
technical assistance, to Penny Bergman, 
Adrian J.T. Alsmith and Chris Lopez for 
useful comments on the experimental design 
and to Andrea Serino for useful comments 
on an early version of this manuscript. 
References 
 1. de Vignemont, F., Ehrsson, H.H., and Haggard, 
P. (2005). Bodily illusions modulate tactile 
perception. Curr. Biol. 15, 1286–1290.
 2. Haggard, P., Christakou, A., and Serino, A. 
(2007). Viewing the body modulates tactile 
receptive fields. Exp. Brain Res. 180, 187–193. 
 3. Kitagawa, N., and Spence, C. (2006). 
Audiotactile multisensory interactions in 
human information processing. Jpn. Psychol. 
Res. 48, 158–173.
 4. Aglioti, S., and Pazzaglia, M. (2010). 
Representing actions through their sound. 
Exp. Brain Res. 206, 141–151.
 5. Bresin, R., de Witt, A., Papetti, S., Civolani, M., 
and Fontana, F. (2010). Expressive sonification 
of footstep sounds. In Proceedings of the 
Interaction Sonification workshop (ISon) 2010, 
R. Bresin, T. Hermann and A. Hunt, eds. (KTH 
Royal Institute of Technology), pp. 51–54.
 6. Serino, A., Bassolino, M., Farnè, A., and 
Làdavas, E. (2007). Extended multisensory 
space in blind cane users. Psychol. Sci. 18, 
642–648.
 7. Cardinali, L., Frassinetti, F., Brozzoli, C., 
Urquizar, C., Roy, A.C., and Farnè, A. (2009). 
Tool-use induces morphological updating of 
the body schema. Curr. Biol. 19, R478–R479.
 8. Shinn-Cunningham, B.G., Santarelli, S.G., and 
Kopco, N. (2000). Tori of confusion: Binaural 
localization cues for sources within reach of a 
listener. J. Acoust. Soc. Am. 107, 1627–1636.
 9. Moore, J.W., Lagnado, D., Deal, D.C., and 
Haggard, P. (2009). Feelings of control: 
contingency determines experience of action. 
Cognition 110, 279–283.
 10. Holmes, N., and Spence, C. (2004). The body 
schema and multisensory representation(s) of 
peripersonal space. Cogn. Process. 5, 94–105.
1Laboratory of Action and Body, Department 
of Psychology, Royal Holloway, University 
of London, Egham, Surrey, TW20 0EX, 
UK. 2Human and Information Science 
Laboratory, NTT Communication Science 
Laboratories, NTT Corporation, Atsugi, 
Kanagawa, 243-0198, Japan. 3Laboratory of 
Neuropsychology, Department of Psychology, 
University of Graz, Graz, A-8010, Austria.  
*These authors contributed equally to 
the work. 
E-mail: ana.tajadura@rhul.ac.uk
